The EGFRvIII-expressing human small-cell lung cancer cell lines has been described by Damstrup et al and was generated by transfecting the human, EGFR-negative small-cell lung cancer cell line, GLC3, with EGFRvIII in a Tet-On system. The transfected cells were found to be more invasive in vitro and to have a lower number of junctional complexes as compared to the vector controls.
1 Cell lines were cultured at 37˚C in humidified 5% CO 2 in RPMI 1640 medium (Life Technologies, Scotland) supplemented with 10% heat-inactivated tet-approved fetal calf serum (Clontech, UK). EGFRvIII expression in the transfected cells was induced by addition of 2 µg ml -1 doxycycline. The control cells were treated simultaneously with the same concentration of doxycycline.
Biotinylated probes preparation
Total RNA was isolated from 10 8 cells using Trizol reagent (Life Technologies, UK). 10 µg of total RNA pooled from 4 independent samples was used as starting material for cDNA preparation. Double-stranded cDNA was prepared using Life Technologies (UK) Superscript Choice system™ according to manufacturer's instructions using an oligo(dT) 24 -anchored T7 primer. Biotinylated RNA was synthesized using the T7 MEGAscript in vitro transcription kit (Ambion Inc, TX, USA) with biotin-11-CTP and biotin 16-UTP (Enzo, NY, USA) for 4 h at 37˚C. In vitro transcription products were purified using RNeasy columns from Qiagen (UK).
Array Hybridization and Scanning
10 µg of the biotinylated RNA was fragmented for 35 min at 94˚C in a buffer composed of 40 nM Tris-acetate, pH 8.1, 100 nM KOAc, and 30 nM MgOAc. Prior to hybridisation, the fragmented cRNA was heated to 95˚C for 5 min in a 6 × SSPE-T hybridisation buffer (1 M NaCl, 10 mM Tris pH 7.6, 0.005% Triton) and subsequently at 40˚C for 5 min before loading onto the Affymetrix probe array cartridge. The probe arrays were incubated for 16 h at 40˚C at constant rotation (60 rpm). Fluidic station 400 from Affymetrix was used for washing and staining of the arrays.
The probe array was washed 10 times in 6 × SSPE-T at 25˚C followed by 4 washes in 0.5 × SSPE-T at 50˚C. A 3-step protocol was used for detection of the hybridised biotinylated RNA: first the probe array was incubated with a streptavidin-phycoerythrin conjugate, 10 µg ml -1 (Molecular Probes, OR, USA) in 6 × SSPE-T for 30 min at 25˚C followed by labelling with an anti-streptavidin goat biotinylated antibody (Vector Laboratories, Burlingham, CA, USA) and a final staining again with the streptavidin-phycoerythrin conjugate.
The Probe arrays were scanned at 560 nm using a confocal laser scanner with an argon ion laser (Hewlett Packard GeneArray Scanner G2500A). The digitalized image data were processed using the Affymetrix Gene Expression Analysis Software (version 3.1). For comparison between chips, they were scaled to a global intensity of 150, as previously published (Der et al, 1998; Kaminski et al, 2000) .
Northern blot analysis
15 µg of total RNA isolated using Trizol reagent (Life Technologies, Inc), was size fractionated on a 1% agaroseformaldehyde gel in MOPS buffer and transferred to a MAGNA nylon membrane (MSI). The integrity of the RNAs was assessed by analysing the 18S and 28S ribosomal bands.
The human thymosin beta-10, 4F2 heavy chain, CD36, ATF-3 and c-kit cDNA probes of 500 bp were generated by a reverse transcription-polymerase chain reaction (RT-PCR). The primers were designed according to the published sequences. The probes were labelled with [α-32P] CTP using the multiprime DNA labelling system RPN.1601 (Amersham Pharmacia Biotech). Membranes were hybridised with the probes in ExpressHyb™ hybridisation solution (Clontech, CA, USA) according to manufacturer's directions. The membranes were exposed to Kodak Xray film with an intensifying screen at Ϫ80˚C for autoradiography. The 18S and 28S bands were visualized on the blots by UV illumination and the 18S used for normalization of RNA loading. The autoradiograms were analysed by the Kodak Digital Science software and changes in expression calculated on the basis of relative band intensities.
Western blot analysis
Cells were lysed in 20 nM Tris-acetate, pH 7.0, 0.27 M sucrose, 1 mM EDTA, 1 mM EGTA, 50 nM NaF, 1% Triton X-100, 5 mM Na-pyrophosphate, 10 mM Na-beta-glycerophosphate, 1 mM sodium orthovanadate, 10 µg ml -1 aprotinin, and 10 µg ml -1 PMSF. 5 µg of protein lysate was resolved by SDS-PAGE on 2-8% gradient gels (Invitrogen, the Nederlands). Proteins were transferred to PVDF membranes (Invitrogen, the Nederlands) and incubated in 5% non-fat dry milk in 10 mM Tris pH 7.5, 100 mM NaCl, 0.1% Tween for 1 h. Immunoblotting of primary antibody was performed in the same buffer overnight at 4˚C. Filters were extensively washed in 10 mM Tris pH 7.5, 100 mM NaCl, 0.1% Tween and bound antibodies were detected by incubation with alkaline-phosphatase conjugated secondary antibodies at 1:1000 for 1 h followed by washing and staining with a NBT/BCIP solution (Roche, Switzerland).
RESULTS

Gene expression profile of cell lines
RNA was isolated from the small-cell lung cancer cell line transfected with EGFRvIII (induced with doxycycline for 24 h or 48 h) or a vector control cell line (uninduced or induced with doxycycline for 48 h). The amplified, biotinylated RNA was hybridised to Affymetrix GeneChips, which were subsequently stained, scanned, and analysed using the GENECHIP 3.1 software. The intensities for gene transcripts (average differences) detected as present (P) represented a range spanning 3 orders of magnitude, from approximately 20 to the highest recorded value of 10 006 for ribosomal protein S2 (data not shown). However, the majority of the mRNAs detected had intensities of less than 1000. The genes associated with intensities greater than 1000 (≈ 400) include many of the ribosomal genes and commonly known high abundance genes such as tubulin, elongation factor 2 and ubiquitin. Interestingly, a number of cancer-related genes also had intensities above 1000 including: V-myc avian myelocytomatosis viral oncogene homologue, human pancreatic tumour-related protein, human tumour-associated 120 kDa nuclear protein (p120), and tumour protein, translationally controlled 1. Their high expression in the GLC3 cell lines suggests that they might play a role in the development of small-cell lung cancer. To identify genes regulated by EGFRvIII a comparison was generated between the data sets from the GLC3-EGFRvIII induced with doxycycline for 24 h or 48 h and the vector control either uninduced or induced with doxycycline for 48 h. The level of gene expression of control cells after 48 h of doxycycline induction did not change.
Approximately 800 genes were identified whose mRNA expression levels were changed in the EGFRvIII expressing cells as compared to the control stimulated for 48 h with doxycycline. The majority of these (> 80%) represented genes for which the degree of change was less than 2-fold. 225 genes had a fold change (ratio of average differences) of 2 or more and had average difference changes (the difference between the EGFRvIII expressing cells and the control average differences) of more than 50 in either of the two time points as compared to the control. 188 genes had altered expression upon induction of EGFRvIII expression for 24 h and 175 after 48 h of induction as compared to the control. The majority of these 150 have similar expression at the two time points.
These genes were crudely divided into 13 categories on the basis of the cellular function of the protein they encode (transcriptional regulation, cytoskeletal and adhesion, metabolic, receptors and ligands, cell cycle, signal transduction, ribosomal, nuclear, translational regulation, apoptosis, immune-related, cancerrelated, and miscellaneous). Due to space limitations only 9 of the categories are shown in Table 1 .
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As can be seen on Table 1 (A) the expression of many genes encoding transcription factors were altered in the EGFRvIII transfected cell line induced for both 24 and 48 h as compared to the vector control induced for 48 h. These included the genes for cMyb, transcription factor AP-2, JunD, N-Oct 3, SOX-4, TSC-22 and activating transcription factor 3 (ATF-3).
Changes in expression of genes encoding cell adhesion molecules and structural proteins were also found (Table 1, B) . For example, the cell adhesion molecules CD36, CD24 and ICAM-3 were decreased at both time points, while increased expression was observed for the gene encoding OB-cadherin-2. The expression of different growth factors and receptors were also altered. A decrease in the level of mRNAs encoding the Kit receptor, heparin-binding EGF-like growth factor, interferon-gamma receptor alpha chain, were observed (Table 1, C).
In the GLC3-EGFRvIII the level of only a few mRNAs encoding signal transduction molecules was altered. Most importantly an increase in mRNA levels was found for MAP Kinase Phosphatase 1 (MKP-1, CL100), (Table 1, F).
Amongst the category of genes related to cancer the mRNA levels of Mac-2 binding protein, Hsp70, MAGE-11 decreased at both time points, while the level of mRNAs encoding 4F2 light chain (E16), 4F2 heavy chain, and collagenase 3 were increased (Table 1, G).
Verification of selected results by Northern blot analysis
In order to confirm changes in mRNA levels detected by the GeneChip analysis, Northern blot analyses were performed. 5 gene products were selected: c-kit, CD36, and thymosin beta 10 whose expression were decreased and 4F2 glycosylated heavy chain and ATF-3 whose expression were increased.
As can be seen in Figure 1A the c-kit mRNA level decreased in EGFRvIII transfected cell line by a factor of 6.8 (24 h) and 7.4 (48 h) as calculated by the band intensities on the Northern blot (6.1 and 6.1 by GeneChip analysis) respectively in the GLC3-EGFRvIII doxycycline-induced cells as compared to the control cells doxycycline induced for 48 hours.
The fold change in CD36 expression in Northern blot could not be calculated as no CD36 mRNA could be detected in the EGFRvIIItransfected cell line doxycycline induced for 24 or 48 h. The level of thymosin beta 10 was decreased by a factor of 6.3 and 10 (2.6 and Human mRNA for NB thymosin "beta," complete cds "thymosin beta,-10" "[human," "metastic melanoma cell ""line, "mRNA Human myeloid cell differentiation protein (MCL1) mRNA 2.6 by GeneChip analysis) in the GLC3-EGFRvIII cell line as compared to the control cell line. The 4F2 heavy chain mRNA was increased by a factor of 3.1 and 2.7 (3.5 and 3.0 by GeneChip analysis) respectively in the GLC3-EGFRvIII doxycycline-induced cell as compared to the control cell doxycycline induced for 48 h. Finally the level of ATF-3 increased by factors of 7.5 and 7.6 (8.1 and 5.6 by GeneChip analysis).
Verification of results by Western blot analysis
We performed Western blot analysis on 3 selected proteins in order to further validate our GeneChip data. CD98 (4F2 heavy chain and 4F2 light chain) and MKP-1 were chosen, as specific antibodies were commercially available.
A significant increase in the protein level of MKP-1 was observed, as seen in Figure 2A , in the EGFRvIII transfected cells when compared to the control cells. MKP-1 was barely detectable in the control cell line both uninduced and doxycycline-induced. Under the conditions of the Western blot analysis the CD98 dimer separates as a heavy chain and a light chain, 4F2HC and 4F2LC respectively which both are detected by the CD98 antibody. Shown in Figure 2B are the results from the Western blot analysis of CD98. The level of both 4F2LC and 4F2HC increased, although more pronounced for the latter, when comparing the EGFRvIIIexpressing cells with the control cells.
DISCUSSION
The role of the constitutively active EGFRvIII in the development and progression of cancers has been studied extensively over the past several years, and the ability of EGFRvIII to transform fibroblasts in vitro and confer enhanced tumorigenicity to cancer cells both in vitro and in vivo are supported by numerous studies (Garcia et al, 1993) . However, little is known about the molecular mechanisms behind this ability of EGFRvIII, although EGFRvIII clearly induces a signal transduction network distinct from that of the ligand-activated EGFR (Antonyak et al, 1998; Moscatello et al, 1998; Lorimer and Lavictoire, 2001) . Virtually nothing is known about genes whose expression is regulated by EGFRvIII. Thus to identify novel EGFRvIII-regulated genes, oligonucleotide arrays were used to study the changes in mRNA levels induced by expression of EGFRvIII in the GLC3-EGFRvIII cell line compared to a vector control. The use of oligonucleotide arrays allows simultaneous analysis of expression profiles of thousands of genes. To our knowledge this is the first comprehensive study of transcriptional changes related to EGFRvIII.
We identified 225 genes whose expression was up-or downregulated by at least a factor of 2 in either of the two time points of induction used and the majority of these had similar expression at the two time points. The similarity of the expression results at the two time points correlate well with the constitutive nature of the EGFRvIII. The addition of doxycycline did not influence the level of gene expression in the control cells. A few of the results from the gene chip analysis were verified by Northern blot analysis and we found a strong qualitative correlation between oligonucleotide array hybridisation data and Northern blot analysis (Figure 1) . Furthermore, to test the strength of the gene chip analysis, genes were selected that had increased expression (4F2 heavy chain and ATF-3) or decreased expression (c-kit, CD36 and thymosin beta 10) and either high level of expression (4F2 heavy chain, thymosin beta 10) or low level of expression (CD36 and ATF-3). For completeness a correlation between array expression results and changes in protein levels were confirmed for 4F2 heavy chain, 4F2 light chain and MKP-1.
Many of the differences in expression level between the EGFRvIII-expressing cell line and the control cell line makes sense. For example MKP-1 (CL100) has been proposed to mediate the cross talk between the constitutively active JNK signal transduction pathway and the Ras/Raf/ERK signal transduction pathway at the level of ERK, resulting in inactivation of the latter in EGFRvIII-transfected cells (Antonyak et al, 1998 ). We found an increased level of MKP-1 mRNA and protein in our EGFRvIIIexpressing cells after induction of EGFRvIII expression thus supporting this hypothesis. In addition we found an increased expression of a number of other genes that are known to be Figure 2 5 µg aliquots of whole-cell lysates were processed for Western blot analysis. MKP-1 levels (A) were detected using rabbit polyclonal antibodies directed against MKP-1. The level of MKP-1 was only detectable in the GLC3-EGFRvIII cell line. CD98 (4F2 heavy and light chain) levels (B) were detected using rabbit polyclonal antibodies directed against CD98. The level of CD98 was higher in the EGFRvIII transfected cell line as compared to the vector controls. The amount of protein loaded being similar was in all cases verified using mouse monoclonal antibodies directed against human Tubulin (Antonyak et al, 1998; Moscatello et al, 1998) . We have previously found that the EGFRvIII-transfected GLC3 cell line had an increased invasive capacity in vitro as compared to the vector control. Interestingly the mRNA level of collagenase 3 was increased in these cells as compared to the vector control. Collagenase 3 expression has been documented in various cancers which are aggressive and invasive. In particular collagenase 3 expression was seen at the invading front (Brinckerhoff et al, 2000) . Collagenase 3 therefore seems to play an important role in tumour invasion and one could speculate that there might be a correlation between the collagenase expression in the EGFRvIIItransfected cell line and their invasive potential. We are currently testing this hypothesis.
Our data demonstrate that amongst the 6800 human genes examined, the expression of 225 were altered more than 2-fold in either of two time points after induction of EGFRvIII expression. All of these represent potential EGFRvIII-regulated genes not previously described and include a number of genes encoding transcription factors, cell adhesion molecules, and other genes related to cancer. However, a significant portion of the genes have at present no known function. Our comprehensive data may prove useful in the future as many, or all, of these genes will be characterized. This will give further insight into the role of EGFRvIII in the malignant phenotype. We did not compare the changes in the EGFRvIII-transfected cell line with a EGFR-transfected SCLC cell line. This was not performed as EGFR-transfected cells were not available but most importantly, it was not clear which time point after EGF addition would be relevant to use for comparison. Furthermore, such a comparison would most likely have limited value as differences in the pathways used between EGFR and EGFRvIII are clearly described (Antonyak et al, 1998; Moscatello et al, 1998; Lorimer and Lavictoire, 2001 ). We are currently evaluating results in other EGFRvIII-expressing cell lines and in xenotransplanted tumours to clarify whether the results described herein are receptor or cell-type specific.
